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1
MIRROR CONTROL DEVICE

The present patent application 1s a Utility claiming the
benefit of Application No. PCT/JP2007/0647787, filed Jul. 27,
2007.

TECHNICAL FIELD

The present mvention relates to a mirror control device
used for a scanner or an optical switch for communication.

BACKGROUND ART

As a technique of implementing hardware such as an opti-
cal switch, Japanese Patent Laid-Open No. 2003-57575 has
proposed a mirror control device manufactured by microma-
chining. FIG. 1 1s an exploded perspective view showing the
arrangement ol a mirror control device according to the first
embodiment of the present invention. FIG. 2 1s a sectional
view ol the mirror control device shown 1n FIG. 1. A conven-
tional mirror control device also has the same mechanical
arrangement as that of the first embodiment. The conven-
tional mirror control device will briefly be described with
reference to FIGS. 1 and 2.

In a mirror control device 100, a mirror substrate 200
having a mirror, and an electrode substrate 300 having elec-
trodes are arranged in parallel.

The mirror substrate 200 includes a plate-shaped frame
portion 210, a gimbal 220 arranged i1n the opening of the
frame portion 210, and a mirror 230 arranged 1n the opening
of the gimbal 220. The gimbal 220 can pivot about a gimbal
prvot axis X 1n FIG. 1 which passes through a pair of torsion
springs 211a and 2115. Similarly, the mirror 230 can pivot
about a mirror prvot axis v in FIG. 1 which passes through a
pair of torsion springs 221a and 221b. As a result, the mirror
230 pivots about the two axes which are perpendicular to each
other.

The electrode substrate 300 includes a plate-shaped base
portion 310, and a terrace-shaped projecting portion 320.
Four electrodes 340qa to 3404 are formed on the four corners
ol the projecting portion 320 and the upper surface of the base
portion 310 led out of the four corners. An 1sulating layer
311 made of, e.g., silicon oxide 1s formed on the surface of the
base portion 310. The electrodes 340a to 3404, leads 341a to
341d, and interconnections 370 are formed on the msulating
layer 311.

In the mirror control device 100, the mirror 230 1s
grounded. Positive driving voltages are applied to the elec-
trodes 340a to 3404 such that asymmetrical potential differ-
ences are generated between them, thereby attracting the
mirror 230 by an electrostatic attraction and making 1t pivot in
an arbitrary direction.

DISCLOSURE OF INVENTION

Problem to be Solved by the Invention

In the conventional mirror control device, the driving volt-
age vs. tilt angle characteristic of the mirror 230 changes
depending on the pivot direction. The driving voltage vs. tilt
angle characteristic of the mirror 230 changes depending on
the pivot direction because of, e.g., the central position shift
between the electrodes 340a to 3404 and the mirror 230,
errors 1n the shapes of the electrodes 340a to 3404, and the
stiffness difference between the torsion springs 211a and
21156 about the pivot axis x and the torsion springs 221a and
221b about the p1vot axis v.
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If the driving voltage vs. tilt angle characteristic changes
depending on the pivot direction, the tilt angle of the mirror

230 changes depending on the pivot direction even when the
applied driving voltages do not change. To correct the char-
acteristic difference generated depending on the pivot direc-
tion, 1t 1s necessary to change the driving voltages 1n accor-
dance with the pivot direction of the mirror 230, resulting 1n
cumbersome control. For control of the mirror 230, a uniform
driving voltage vs. tilt angle characteristic 1s preferably
obtained 1n any direction.

In the conventional mirror control device, DC voltages are
applied to the electrodes 340a to 340d. This polarizes the
stray capacitance (e.g., insulating layer 311) between the
clectrodes 340a to 3404 and the mirror 230 upon voltage
application of the electrodes 340a to 3404 or accumulates
charges 1n the stray capacitance due to some reason. Dis-
charge or charge occurs gradually and influences the driving
force of the mirror 230. For this reason, when operating the
mirror 230, the potential between the mirror 230 and the
clectrodes 340a to 3404 varies over time, and the t1lt angle of
the mirror 230 gradually varies. That 1s, drift occurs.

In the conventional mirror control device, 1t 1s necessary to
apply a large driving voltage corresponding to the tilt angle of
the mirror 230 to the electrodes 340a to 3404 at the time of
driving. The relationship between the driving voltage and an
clectrostatic attraction or the relationship between the driving
voltage and the tilt angle of the mirror 230 1s determined by
the distance between the mirror 230 and the electrodes 340a
to 3404, the restoring force of the torsion springs that support
the mirror 230, or the area of the electrodes 340a to 3404. A
high driving voltage of, e.g., several ten V to several hundred
V needs to be applied to the electrodes 340a to 3404d. Hence,
a power supply capable of generating a high voltage 1s nec-
essary.

The present invention has been made to solve the above
problems, and has as 1ts object to provide a mirror control
device capable of reducing a difference 1n the driving voltage
vs. tiltangle characteristic depending on the pivot direction of
a mirror.

It 1s another object of the present invention to provide a
mirror control device capable of suppressing drift of a mirror.

It 1s still another object of the present invention to provide
a mirror control device capable of lowering the driving volt-
age ol a mirror.

Means of Solution to the Problem

According to the present invention, there 1s provided a
mirror control device comprising a mirror which 1s pivotally
supported, a plurality of electrodes which are spaced apart
from the mirror, driving voltage generation means for gener-
ating a driving voltage corresponding to a desired tilt angle of
the mirror for each electrode, bias voltage generation means
for generating, as a bias voltage for each electrode, a voltage
which causes the tilt angle of the mirror to have a predeter-
mined value upon being independently applied to each elec-
trode, and electrode voltage applying means for adding, for
cach electrode, the bias voltage to the driving voltage and
applying the voltage after addition to a corresponding one of
the electrodes.

According to the present invention, there 1s also provided a
mirror control device comprising a mirror which 1s pivotally
supported, a plurality of electrodes which are spaced apart
from the mirror, and driving voltage applying means for gen-
erating an AC voltage as a driving voltage 1n accordance with
a desired tilt angle of the mirror and applying the driving
voltage to each electrode so as to generate at least a first
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section where a potential difference between the mirror and
the electrode to which the driving voltage 1s applied 1s posi-
tive and a second section where the potential difference
between the mirror and the electrode to which the driving
voltage 1s applied 1s negative.

According to the present invention, there 1s also provided a
mirror control device comprising a mirror which 1s pivotally
supported, a plurality of electrodes which are spaced apart
from the mirror, bias voltage applying means for applying a
nonzero bias voltage to the mirror, and driving voltage apply-
ing means for applying a driving voltage of a polarity oppo-
site to the bias voltage to at least one of the plurality of
clectrodes.

Eftects of the Invention

According to the present invention, a voltage which causes
the talt angle of the mirror to have a predetermined value upon
being independently applied to each electrode 1s generated as
a bias voltage for each electrode and applied, thereby reduc-
ing a difference 1n the driving voltage vs. tilt angle character-
1stic depending on the pivot direction of the mirror. Conse-
quently, 1n the present invention, it 1s unnecessary to consider
a change in the driving voltage vs. tilt angle characteristic
depending on the pivot direction of the mirror when generat-
ing the driving voltage corresponding to the desired tilt angle
of the mirror.

According to the present invention, an AC voltage 1s gen-
erated as a driving voltage and applied to each electrode so as
to generate at least a first section where the potential differ-
ence between the mirror and the electrode to which the driv-
ing voltage 1s applied 1s positive and a second section where
the potential difference i1s negative. Since charges accumu-
lated 1n the stray capacitance between the electrode and the
mirror can be almost zero, 1t 1s possible to suppress drift of the
mirror.

According to the present invention, when a nonzero bias
voltage 1s applied to the mirror, the driving voltage can be
lower. Hence, a power supply for outputting a lower voltage
than before 1s usable for the bias voltage applying means and
the driving voltage applying means. Additionally, when a
driving voltage of a polarity opposite to the bias voltage 1s
applied to at least one of the plurality of electrodes, the force
for driving the mirror can be increased.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s an exploded perspective view showing the
arrangement ol a mirror control device according to the first
embodiment of the present invention;

FIG. 2 1s a sectional view of the mirror control device
shown 1n FIG. 1;

FI1G. 3 1s a block diagram showing the electrical connection
relationship of the mirror control device according to the first
embodiment of the present invention;

FI1G. 4 1s a graph showing an example of the driving voltage
vs. t1lt angle characteristic of a mirror according to the first
embodiment of the present invention;

FIG. 5 1s a sectional view showing a pivot of the mirror
pivots according to the first embodiment of the present inven-
tion;

FIG. 6 1s a block diagram showing the electrical connection
relationship of a mirror control device according to the third
embodiment of the present invention;

FIG. 7A 1s a timing chart showing an example of a driving,
voltage applied to one electrode according to the third
embodiment of the present invention;
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FIG. 7B 1s a timing chart showing an example of a driving,
voltage applied to another electrode according to the third
embodiment of the present invention;

FIG. 8A 15 a timing chart showing an example of a driving,
voltage applied to one electrode according to the fourth
embodiment of the present invention;

FIG. 8B 1s a timing chart showing an example of a driving,
voltage applied to another electrode according to the fourth
embodiment of the present invention;

FIG. 9 1s a graph for explaining the effect of the fourth
embodiment of the present invention;

FIGS. 10A to 10C are timing charts for explaining a
method of controlling the tilt angle of a mirror according to
the fourth embodiment of the present invention;

FIGS. 11A and 11B are timing charts for explaining a
problem when using an AC voltage as a driving voltage in the
third and fourth embodiments of the present invention;

FIG. 12 1s a graph showing the relationship between the
power ol output light and the frequency of a driving voltage
when the paths between the mput and output ports are con-
nected 1n an optical switch;

FIG. 13 A 1s a timing chart showing an example of a driving,
voltage applied to one electrode according to the fourth
embodiment of the present invention;

FIG. 13B 15 a timing chart showing an electrostatic force
generated between the mirror and the electrode to which the
driving voltage in FIG. 13 A 1s applied;

FIG. 14A 1s a timing chart showing an increase in a driving,
voltage due to floating charges;

FIG. 14B 1s a timing chart showing an electrostatic force
generated between the mirror and the electrode to which the
driving voltage 1n FIG. 14 A 1s applied;

FIG. 15 1s a timing chart showing an example of a driving,
voltage applied to one eclectrode according to the fifth
embodiment of the present invention;

FIG. 16 1s a timing chart showing another example of a
driving voltage applied to one electrode according to the fifth
embodiment of the present invention;

FIGS. 17A to 17C are timing charts for explaining a
method of controlling the tilt angle of a mirror according to
the fitth embodiment of the present invention;

FIG. 18A 15 a timing chart showing an example of a voltage
applied to a mirror according to the sixth embodiment of the
present invention;

FIG. 18B 1s a timing chart showing an example of a driving
voltage applied to one electrode according to the sixth
embodiment of the present invention;

FIG. 18C 1s a ttiming chart showing an effective potential
difference generated between the electrode and the mirror
upon applying the voltages in FIGS. 18 A and 18B;

FIGS. 19A and 19B are timing charts for explaining a
method of adjusting a driving voltage according to the sev-
enth embodiment of the present invention;

FIG. 20 1s a block diagram showing the electrical connec-
tion relationship of a mirror control device according to the
eighth embodiment of the present invention;

FIG. 21 1s a sectional view showing a pivot of a mirror
according to the eighth embodiment of the present invention;

FIG. 22 1s an exploded perspective view showing the
arrangement of a mirror control device according to the ninth
embodiment of the present invention;

FIG. 23 A 1s a ttiming chart showing an example of a bias
voltage applied to a mirror according to the 10th embodiment
of the present invention;

FIG. 23B 1s a timing chart showing an example of a driving,
voltage applied to one electrode according to the 10th
embodiment of the present invention; and
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FIG. 23C 1s a timing chart showing an example of a driving,
voltage applied to another electrode according to the 10th
embodiment of the present invention.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

First Embodiment

An embodiment of the present invention will now be
described with reference to the accompanying drawings. FIG.
1 1s an exploded perspective view showing the arrangement of
a mirror control device according to the first embodiment of
the present invention. FIG. 2 1s a sectional view of the mirror
control device shown 1n FIG. 1. In a mirror control device
100, a mirror substrate (upper substrate) 200 having a mirror,
and an electrode substrate (lower substrate) 300 having elec-
trodes are arranged in parallel.

The mirror substrate 200 includes a plate-shaped frame
portion 210 which has an opening with an almost circular
shape viewed from the upper side, a gigmbal 220 which has an
opening with an almost circular shape viewed from the upper
side and 1s arranged in the opening of the frame portion 210
via a pair of torsion springs 211a and 2115, and a mirror 230
which has an almost circular shape viewed from the upper
side and 1s arranged in the opening of the gimbal 220 via a pair
of torsion springs 221a and 2215. The frame portion 210,
torsion springs 211a, 2115, 2214, and 2215, gimbal 220, and
mirror 230 are integrally formed from, e.g., single-crystal
silicon. For example, a T1/Pt/Au layer having a three layer
structure 1s formed on the surface of the mirror 230.

The pair of torsion springs 211a and 2115 connect the
frame portion 210 to the gimbal 220. The gimbal 220 can
pivot about a gimbal pivot axis x 1 FIG. 1 which passes
through the pair of torsion springs 211a and 2115.

Similarly, the pair of torsion springs 221a and 2215 con-
nect the gimbal 220 to the mirror 230. The mirror 230 can
pvot about a mirror pivot axis y i FIG. 1 which passes
through the pair of torsion springs 221a and 2215. The gimbal
prvot axis X and the mirror pivot axis y are perpendicular to
cach other. As a result, the mirror 230 pivots about the two
axes which are perpendicular to each other.

The electrode substrate 300 includes a plate-shaped base
portion 310, and a terrace-shaped projecting portion 320
which projects from the surface (upper surface) of the base
portion 310 at a position facing the mirror 230 of the mirror
substrate 200. The base portion 310 and the projecting portion
320 are made of, e.g., single-crystal silicon. The projecting
portion 320 includes a second terrace 322 having a truncated
pyramidal shape and formed on the upper surface of the base
portion 310, a first terrace 321 having a truncated pyramidal
shape and formed on the upper surface of the second terrace
322, and a pivot 330 having a columnar shape and formed on
the upper surface of the first terrace 321. The pivot 330 1s
formed almost at the center of the first terrace 321. Hence, the
prvot 330 1s located at a position facing the center of the
mirror 230.

Four electrodes 340a to 3404 are formed on the four cor-
ners of the projecting portion 320 and the upper surface of the
base portion 310 led out of the four corners so as to be located
in a circle concentric to the mirror 230 of the mirror substrate
200. A pair of projecting portions 360a and 3605 are formed
on the upper surface of the base portion 310 to be juxtaposed
while sandwiching the projecting portion 320. Interconnec-
tions 370 are formed on the upper surface of the base portion
310 between the projecting portion 320 and the projecting
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6

portions 360a and 36056. The electrodes 340a to 3404 are
connected to the interconnections 370 via leads 341a to 3414d.

The lower surface of the frame portion 210 and the upper
surfaces of the projecting portions 360a and 360 are bonded
to each other to make the mirror 230 face the electrodes 340a
to 340d corresponding to the mirror 230 so that the mirror
substrate 200 and the electrode substrate 300 form the mirror
control device 100 shown 1n FIG. 2.

In the mirror control device 100, the mirror 230 1s
grounded. A positive voltage 1s applied to the electrodes 340q
to 3404 such that an asymmetrical potential difference 1s
generated between them, thereby attracting the mirror 230 by
an electrostatic attraction and making 1t pivot in an arbitrary
direction.

As described above, the frame portion 210, torsion springs
211a, 2115, 221a, and 221b, gimbal 220, and mirror 230 are
integrally made of a conductive material (single-crystal sili-
con 1n this embodiment).

An msulating layer 311 made of, e.g., silicon oxide is
formed on the surface of the base portion 310 made of, e.g.,
single-crystal silicon. The electrodes 340a to 340d, leads
341a to 341d, and interconnections 370 are formed on the
insulating layer 311.

The large difference between the mirror control device of
this embodiment and that of the related art 1s as follows. In the
conventional mirror control device, driving voltages to con-
trol the mirror 230 to a desired angle are applied to the
electrodes 340a to 3404d. In this embodiment, however, the
voltages to be applied to the electrodes 340a to 3404 are
determined by combining (adding/subtracting or multiply-
ing) the driving voltages of the respective electrodes and bias
voltages independent of the tilt angle of the mirror 230. Addi-
tionally, the bias voltage of at least one electrode 1s different

from that of the remaining electrodes.

The difference between the mirror control device of this
embodiment and that of the related art will be described 1n
more detail. FIG. 3 1s a block diagram showing the electrical
connection relationship of the mirror control device accord-
ing to this embodiment.

A mirror voltage applying unit 400 applies a ground poten-
tial to the mirror 230 via the frame portion 210, torsion
springs 211a and 2115, gimbal 220, and torsion springs 221a
and 221b.

A driving voltage generation unit 401 generates driving
voltages corresponding to the desired tilt angle of the mirror
230 for the clectrodes 340a to 3404. The driving voltage
generation unit 401 incorporates a table 1n which the relation-
ship between the driving voltages and the tilt angle of the
mirror 230 1s set in advance. The driving voltage generation
unit 401 acquires driving voltage values corresponding to the
desired t1lt angle of the mirror 230 from the table and gener-
ates the driving voltages of the respective electrodes. The
driving voltage vs. t1lt angle characteristic of the mirror 230,
which 1s used to set the table of the driving voltage generation
unit 401, 1s an 1deal characteristic obtained when the central
position shift between the electrodes 340a to 3404 and the
mirror 230 and errors 1n the shapes of the electrodes 340a to
3404 1all within predetermined ranges.

A bias voltage generation unit 402 generates, as the bias
voltage of each electrode, a voltage which causes the tilt angle
of the mirror 230 with respect to the mirror substrate 200 to
have a predetermined absolute value upon being indepen-
dently applied to each of the electrodes 340qa to 3404.

FIGS. 4 and 5 are views for explaining the operation of the
bias voltage generation unit402. F1G. 4 1s a graph showing an
example of the driving voltage vs. tilt angle characteristic of
the mirror 230. FIG. 5 15 a sectional view showing a pivot of
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the mirror 230. An example will be described here in which
the mirror 230 pivots about the mirror pivot axis y in FIG. 1.

Referring to FI1G. 4, B represents the driving voltage vs. t1lt
angle characteristic of the mirror 230 upon applying a driving
voltage to only the electrode 3405, and D represents the
driving voltage vs. tilt angle characteristic of the mirror 230
upon applying a driving voltage to only the electrode 3404.
The t1lt angle of the mirror 230 when a driving voltage 1s
applied to only the electrode 3405 1s opposite to that when a
driving voltage 1s applied to only the electrode 3404. How-
ever, the absolute values of the tilt angles are compared 1n
FIG. 4.

A voltage 1s applied to the electrode 34056 to make the
mirror 230 pivot toward the electrode 3405, as indicated by
the broken line 1n FIG. 5. At this time, when the voltage 1s
Vb0, the tilt angle of the mirror 230 has a predetermined value
0, as 1s apparent from FIG. 4. Stmilarly, a voltage 1s applied to
the electrode 3404 to make the mirror 230 pivot toward the
clectrode 3404, as indicated by the alternate long and short
dashed line 1n FIG. 5. At this time, when the voltage 1s VdO0,
the t1lt angle of the mirror 230 has the predetermined value 0,
as 1s apparent {from FIG. 4.

The values of the bias voltages Vb0 and VdO0 are registered
in the bias voltage generation umt 402 1 advance. To make
the mirror 230 pivot about the mirror pivot axis y, the bias
voltage generation unit 402 generates Vb0 as the bias voltage
to be applied to the electrode 3405 and VdO0 as the bias voltage
to be applied to the electrode 3404d. The bias voltage genera-
tion unit 402 thus generates the bias voltages for the respec-
tive electrodes concerned 1n the driving of the mirror 230.

The bias voltages do not depend on the tilt angle of the
mirror 230. They are unique and fixed to the respective elec-
trodes. The electrodes 340a and 340c¢ are concerned 1n the
pivot of the mirror 230 about the gimbal p1vot axis X but not in
the pivot about the mirror pivot axis y. To make the mirror 230
pivot about the mirror pivot axis y, only the bias voltages
generated by the bias voltage generation unit 402 are applied
to the electrodes 340q and 340c¢. Similarly, to make the mirror
230 p1vot about the gimbal pivot axis x, only the bias voltages
are applied to the electrodes 3406 and 340d.

An electrode voltage applying unit 403 adds, for each
clectrode, a bias voltage generated by the bias voltage gen-
eration unit 402 to a driving voltage generated by the driving
voltage generation unit 401, and applies the voltage after
addition to a corresponding one of the electrodes 340a to
340d. The voltages are applied to the electrodes 340a to 3404
via the leads 341a to 341d, respectively. This makes the
mirror 230 p1vot in a direction corresponding to the potential
differences between the electrodes 340a to 3404.

In this embodiment, a voltage which causes the tilt angle of
the mirror 230 to have the same predetermined value 0 upon
being independently applied to each of the electrodes 3404 to
3404 1s generated as the bias voltage, thereby reducing a
difference 1n the driving voltage vs. tilt angle characteristic
depending on the pivot direction of the mirror 230. Conse-
quently, 1n this embodiment, 1t 1s unnecessary to consider a
change in the driving voltage vs. tilt angle characteristic
depending on the pivot direction of the mirror 230 when
generating the driving voltages.

The bias voltage may be generated by multiplying the
voltage at which the tilt angle of the mirror 230 has the same
predetermined value 0 by a coeflicient. For example, the
predetermined value 0 1s defined as the maximum angle to be
used, and the bias voltage 1s defined as %2 of a voltage at which
the t1lt angle of the mirror 230 has the predetermined value 0.
This allows to set a bias voltage capable of improving the
linearity 1n the overall range of use angles of the mirror 230.
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In this embodiment, a voltage at which the tilt angle of the
mirror 230 has the same predetermined value O 1s generated as
the bias voltage. However, the predetermined value 0 may
change depending on the electrode. The predetermined value
0 1s determined by the use angle range. For example, 1if the use
t1lt angle of the mirror 230 about the axis x 1s different from
the use t1lt angle of the mirror 230 about the axis y, different
values are used as the predetermined value 0 when determin-
ing the bias voltage of each electrode concerned 1n the pivot of
the mirror 230 about the axis x and the predetermined value O
when determining the bias voltage of each electrode con-
cerned 1n the pivot of the mirror 230 about the axis y, thereby
setting bias voltages suitable for the respective pivots. I the
use angle in the + direction and that 1in the — direction are
different concerning the pivot about the same axis X, the
predetermined value 0 changes depending on the direction.

Second Embodiment

The second embodiment of the present mvention will be
described next. In the first embodiment, the bias voltage 1s
determined based on the data of a specific point on the driving
voltage vs. tilt angle characteristic of the mirror 230. How-
ever, this determination method cannot reducing a difference
in the driving voltage vs. tilt angle characteristic depending
on the pivot direction of the mirror 230 1 a wide driving
voltage (t1lt angle) range. This 1s because the gradient of each
driving voltage vs. tilt angle characteristic of the mirror 230
changes, as shown i FIG. 4. In the second embodiment, a
bias voltage determination method that 1s effective 1n a wider
range than in the first embodiment will be explained.

A mirror control device of the second embodiment has the
same arrangement as that of the first embodiment. The opera-
tion of the second embodiment will be described using the
reference numerals 1n FIGS. 1 to 3.

The operations of a mirror voltage applying unit 400, driv-
ing voltage generation unit 401, and bias voltage generation
unit 402 are the same as 1n the first embodiment.

An electrode voltage applying unit 403 of the second
embodiment adds, for each electrode, a bias voltage gener-
ated by the bias voltage generation unit 402 to a driving
voltage generated by the driving voltage generation unit 401,
as 1n the first embodiment. At this time, the electrode voltage
applying unit 403 multiplies the driving voltages for the
respective electrodes before addition by different coetfi-
cients. Let Vy be the driving voltage for an electrode 3405,
which 1s generated by the driving voltage generation unit 401,
and —Vy be the drniving voltage for an electrode 340d. An
example will be described 1n which a mirror 230 p1vots about
a mirror pivot axis y. Voltages Vb and Vd after addition which
are to be applied to the electrodes 3405 and 340d, respec-
tively, by the electrode voltage applying unit 403 are given by

Vo=Vb0+Vyx(Vbmax—Vb0)x(1/Vymax) (1)

(2)

where Vbmax 1s the voltage when the tilt angle of the
mirror 230 has reached a maximum value Omax (0<Omax) on
a driving voltage vs. tilt angle characteristic B shown 1n FIG.
4, Vdmax 1s the voltage when the tilt angle of the mirror 230
has reached the maximum value Omax on a driving voltage vs.
t1lt angle characteristic D shown in FI1G. 4, and Vymax 1s the
maximum value of the driving voltage Vy. That 1s, the driving
voltage Vy can take a value within the range of O to Vymax.
The value Omax represents the maximum tilt angle necessary
for the mirror 230.

The electrode voltage applying umt 403 multiplies the
driving voltage Vy by the preset coetlicient (Vbmax—Vb0)x

Vd=Vd0-Vyx(Vdmax—Vd0)x(1/Vymax)
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(1/Vymax) and adds the multiplication result to the bias volt-
age Vb0, as indicated by equation (1), and applies the voltage

Vb after addition to the electrode 3405. The electrode voltage
applying unit 403 also multiplies the driving voltage —Vy by
the preset coellicient (Vdmax-Vd0)x(1/Vymax) and adds
the multiplication result to the bias voltage Vd0, as indicated
by equation (2), and applies the voltage Vd after addition to
the electrode 340d. This makes the mirror 230 pivot 1n a
direction corresponding to the potential differences between
the electrodes 340a to 3404.

In this embodiment, the driving voltage of each electrode 1s
corrected based on the tilt, between two points, of the driving
voltage vs. tilt angle characteristic of the mirror 230 for the
clectrode (the tilt (Vbmax-Vb0) or (Vdmax-Vd0) between
the tilt angles 0 and Omax 1n this embodiment). This enables
to make the driving voltage vs. tilt angle characteristics of the
mirror 230 1n the respective pivot directions apparently even
between the two points corresponding to the tilt angles 0 and
Omax. It 1s therefore possible to reducing a difference in the
driving voltage vs. t1lt angle characteristic depending on the
pwvot direction of the mirror 230 1n a wider driving voltage
(t1lt angle) range than 1n the first embodiment.

In this embodiment, the pivot of the mirror 230 about the
mirror pivot axis v has been described. To make the mirror
230 pivot about the gimbal p1vot axis X, the same correction as
in equations (1) and (2) 1s performed for the voltages to be
applied to the electrodes 340a and 340c¢. To make the mirror
230 pivot about the axes x and vy, the same correction as 1n
equations (1) and (2) 1s performed for the voltages to be
applied to the electrodes 340a to 3404

In the first and second embodiments, a case has mainly
been described in which, for example, the driving voltage vs.
t1lt angle characteristic of the mirror 230 changes between the
p1vot about one axis to the right side 1n FIG. 2 and that to the
left side. The driving voltage vs. tilt angle characteristic in the
pivot about one axis changes due to, e.g., the central position
shift between the electrodes 340a to 3404 and the mirror 230
or errors 1n the shapes of the electrodes 340a to 340d.

The characteristic also changes depending on the pivot
direction of the mirror 230 because of, e.g., the difference 1n
the driving voltage vs. tilt angle characteristic of the mirror
230 between the pivot about the gimbal pivot axis x and that
about the mirror pivot axis y. This occurs due to, e.g., the
stiffness difference between torsion springs 211aq and 2115
about the pivot axis X and torsion springs 221a and 2215 about
the pivot axis y. In this case, the bias voltage and the coetii-
cient are changed between the electrodes 340a and 340c
which are arranged symmetrically with respect to a plane
including the pivot axis x and perpendicular to a base portion
310 and the electrodes 3406 and 3404 which are arranged
symmetrically with respect to a plane including the pivot axis
y and perpendicular to the base portion 310.

Third Embodiment

The third embodiment of the present invention will be
described next. A mirror control device of the third embodi-
ment has the same mechanical arrangement as that of the first
embodiment and will be described using the reference numer-
als in FIGS. 1 and 2.

The large difference between the mirror control device of
this embodiment and that of the related art 1s as follows. In the
conventional mirror control device, DC driving voltages are
applied to the electrodes 340a to 340d. In this embodiment,
however, AC voltages whose average DC component 1s
almost zero are applied to electrodes 340a to 3404 as driving
voltages. The large difference between the mirror control
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device of this embodiment and that of the related art will be
explained below 1n more detail. FIG. 6 1s a block diagram
showing the electrical connection relationship of the mirror
control device according to this embodiment.

A mirror voltage applying unit 500 applies a ground poten-
tial to a mirror 230 via a frame portion 210, torsion springs
211a and 2115, gimbal 220, and torsion springs 221a and
221b.

A driving voltage applying unit 501 generates AC voltages,
whose average DC component 1s almost zero for each of the
clectrodes 340a to 3404, as driving voltages 1n accordance
with the desired tilt angle of the mirror 230 and applies the
voltages to the electrodes 340a to 3404. The driving voltages
are applied to the electrodes 340a to 3404 via leads 341a to
341d, respectively. This makes the mirror 230 pivot 1n a
direction corresponding to the potential differences between
the electrodes 340a to 3404.

The electrostatic attraction serving as the driving force of
the mirror 230 1s proportional to the square of a driving
voltage. For this reason, the electrostatic attraction does not
change depending on the sign of the driving voltage. More
specifically, even when rectangular voltages having alter-
nately changing signs and the same magnitudes as DC volt-
ages are applied to the electrodes 340q to 3404 as the driving
voltages, the same electrostatic attraction as that upon apply-
ing the DC voltages to the electrodes 340a to 340d 1s gener-
ated between the mirror 230 and the electrodes 340a to 3404.

FIG. 7A 1s a timing chart showing an example of a driving,
voltage applied to the electrode 34054. FIG. 7B 1s a timing
chart showing an example of a driving voltage applied to the
clectrode 340d. A section where the potential difference
between the mirror 230 and the electrode to which the driving
voltage 1s applied 1s positive will be called a first section (a
section where a positive driving voltage 1s applied 1n each of
the examples shown1n FIGS. 7A and 7B). A section where the
potential difference 1s negative will be called a second section

(a section where a negative driving voltage 1s applied 1n each
of the examples shown 1n FIGS. 7A and 7B).

In the examples shown 1n FIGS. 7A and 7B, AC voltages
having the same phase and same voltage applying duration
but different amplitudes are applied to the electrodes 34056
and 340d. Since the AC voltage applied to the electrode 3405
has a larger amplitude, the electrostatic force between the
mirror 230 and the electrode 3405 1s different from that
between the mirror 230 and the electrode 3404. The mirror
230 pivots about a mirror pivot axis v toward the side of the
clectrode 3405. Assume that the frequency response of the
mirror 230 1s 1deal (the t1lt angle of the mirror does not change
between driving by a DC voltage and driving by a rectangular
wave), and let Vb be the amplitude of the rectangular wave
shown 1n FIG. 7A (the wave oscillates 1n the range of —Vb to
+Vb), and Vd be the amplitude of the rectangular wave shown
in FIG. 7B (the wave oscillates in the range of —-Vd to +Vd).
In this case, the tilt angle of the mirror 230 when the driving
voltage 1n FIG. 7A 1s applied to the electrode 3405, and the
driving voltage in FIG. 7B 1s applied to the electrode 3404 1s
the same as the tilt angle when a DC voltage Vb (or —Vb) 1s
applied to the electrode 3405, and a DC voltage Vd (or —Vd)
1s applied to the electrode 3404d.

On the other hand, the sign of charges accumulated in the
stray capacitance (e.g., insulating layer 311) due to the driv-
ing voltages applied to the electrodes 340a to 3404 changes
depending on the sign of the driving voltages. Hence, when
AC voltages whose average DC component 1s almost zero
(AC voltages having almost the same positive/negative volt-
age applying duration and almost the same positive/negative
amplitude) for each of the electrodes 340a to 3404 are applied
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to the electrodes 340a to 3404 as the driving voltages, positive
and negative charges accumulated 1n the stray capacitance
cancel each other 1in accordance with the AC voltages. For this
reason, the charges accumulated 1n the stray capacitance are
almost zero on average. In this embodiment, 1t 1s conse-
quently possible to suppress driit of the mirror 230 caused by
the charges accumulated in the stray capacitance.

When the amplitude of a driving voltage to be applied to an
clectrode 1s changed, as 1n this embodiment, the relationship
between the amplitude of the driving voltage and the tilt angle
of the mirror 230 exhibits almost the same characteristic as
that when the driving voltage 1s a DC voltage. Hence, the tlt
angle of the mirror 230 1s preferably controlled by the same
method as the method used when the driving voltage 1s a DC
voltage.

Let Va, Vb, V¢, and Vd be the amplitudes of the driving,
voltages applied to the electrodes 340a, 3405, 340¢, and
340d. The driving voltages are given by

Va=Vo+Vx (3)

Vb=Vo+Vy (4)

Ve=Vo-Vx (3)

Vd=Vo-Vy (6)

where Vo 1s a bias voltage having a fixed value. The bias
voltage Vo has an effect of improving the linearity between
the amplitude of the driving voltage and the tilt angle of the
mirror 230. VX 1s an operation variable corresponding to a tlt
angle 0x of the mirror 230 about the p1vot axis X 1n a one-to-
one correspondence. Vy 1s an operation variable correspond-
ing to a tilt angle Oy of the mirror 230 about the pivot axis y 1n
a one-to-one correspondence. The mirror 230 can be made to
pvot 1n an arbitrary direction by controlling the operation
variables Vx and Vy.

When actually controlling the mirror 230, the driving volt-
age applying unit 501 performs the following processing. The
driving voltage applying unit 501 incorporates a table 502 1n
which the relationship between the tilt angle of the mirror 230
and the amplitude and duty ratio (the duty ratio 1s constant 1n
this embodiment) of the driving voltage 1s set 1n advance. The
driving voltage applying umt 301 acquires the values of the
amplitudes and duty ratios of driving voltages corresponding
to the desired tilt angle of the mirror 230 from the table 502
and applies the driving voltages having the acquired ampli-
tudes and duty ratios to the electrodes 340a to 3404

Fourth Embodiment

The fourth embodiment of the present mnvention will be
described next. In the third embodiment, the tilt angle of the
mirror 230 1s controlled based on the amplitude of an AC
voltage. However, the tilt angle of the mirror 230 may be
controlled based on the duty ratio of an AC voltage. A mirror
control device of the fourth embodiment has the same
arrangement as that of the third embodiment. The operation
of the fourth embodiment will be described using the refer-
ence numerals 1n FIGS. 1, 2, and 6.

FIG. 8A 1s a timing chart showing an example of a driving
voltage applied to an electrode 34056. F1G. 8B 1s a timing chart
showing an example of a driving voltage applied to an elec-
trode 340d. A section where the potential difference between
a mirror 230 and the electrode to which the driving voltage 1s
applied 1s positive will be called a first section (a section
where a positive driving voltage 1s applied in each of the
examples shown 1n FIGS. 8A and 8B). A section where the
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potential difference 1s negative will be called a second section
(a section where a negative driving voltage 1s applied 1n each
of the examples shown in FIGS. 8A and 8B). A section where
the potential difference 1s a potential between the potential
difference 1n the first section and that 1n the second section
will be called a third section (a section where the driving
voltage 1s O 1n each of the examples shown in FIGS. 8A and
8B).

A driving voltage applying unit 501 of this embodiment
generates AC voltages, whose average DC component 1s
almost zero for each of the electrodes 340a to 3404, as driving
voltages 1n accordance with the desired tilt angle of the mirror
230 and applies the voltages to the electrodes 340a to 3404, as
in the third embodiment. For example, AC voltages having
the same phase and same amplitude but different duty ratios
(the ratio of a positive/negative voltage width with respect to
the period of an AC voltage) are applied to the electrodes 34056
and 340d, as shown 1n FIGS. 8A and 8B.

The driving voltage applying unit 501 incorporates a table
502 in which the relationship between the tilt angle of the
mirror 230 and the duty ratio and amplitude (the amplitude 1s
constant 1n this embodiment) of the driving voltage 1s set 1n
advance. The driving voltage applying unit 301 acquires the
values of the duty ratios and amplitudes of driving voltages
corresponding to the desired tilt angle of the mirror 230 from
the table 502 and applies the driving voltages having the
acquired amplitudes and duty ratios to the electrodes 340a to
340d. In the examples shown 1n FIGS. 8A and 8B, since the
AC voltage applied to the electrode 3405 has a higher duty
ratio, the electrostatic force between the mirror 230 and the
clectrode 3405 1s different from that between the mirror 230
and the electrode 340d. The mirror 230 pivots about a mirror
pivot axis v toward the side of the electrode 34056.

In the fourth embodiment, the same effect as in the third
embodiment can be obtained in this way.

FIG. 9 1s a graph for explaining the effect of this embodi-
ment. FIG. 9 shows an actual measurement example repre-
senting the relationship between the tilt angle of the mirror
230 and the ratio of the amplitude of the driving voltage with
respect to the maximum amplitude upon controlling the
amplitude of the driving voltage, as 1n the third embodiment,
when applying rectangular waves to the electrodes 340a to
3404 as the driving voltages, and the relationship between the
t1lt angle of the mirror 230 and the ratio of the pulse width of
the driving voltage with respect to the maximum pulse width
upon controlling the duty ratio of the driving voltage, as in
this embodiment. Referring to FIG. 9, A represents a charac-
teristic when controlling the amplitude of the driving voltage,
D represents a characteristic when controlling the duty ratio
of the driving voltage, and C represents a characteristic when
controlling using a DC voltage.

As 1s apparent from FIG. 9, when the amplitude of the
driving voltage 1s controlled, as 1n the third embodiment, the
t1lt angle of the mirror 230 changes nonlinearly with respect
to the ratio of the amplitude of the driving voltage. This means
that t1lt angle control of the mirror 230 1s difficult. On the
other hand, when the duty ratio of the driving voltage is
controlled, as in this embodiment, the tilt angle of the mirror
230 changes almost linearly with respect to the ratio of the
pulse width of the driving voltage. According to this embodi-
ment, 1t 1s possible to more easily control the tilt angle of the
mirror 230 as compared to the third embodiment or the related
art which employs control by a DC driving voltage.

A method of controlling the tilt angle of the mirror 230
according to this embodiment will be described next. In this
embodiment, the tilt angle of the mirror 230 1s controlled
based onthe duty ratios of driving voltages to be applied to the
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clectrodes. Let PWa, PWb, PWc, and PWd be the pulse
widths of the driving voltages to be applied to the electrodes
340a, 3405, 340c, and 340d, respectively. PWa, PWb, PWc,
and PWd range from 0 to 1. When the pulse width 1s 0, no
voltage 1s output. A pulse width of 1 indicates a rectangular
wave having a duty ratio of 50%.

FIG. 10A 1s a timing chart showing a driving voltage
applied to the electrode 340a when PWa=1. FIG. 10B 1s a
timing chart showing a driving voltage applied to the elec-
trode 340a when PWa=0.5. FIG. 10C 1s a timing chart show-
ing a driving voltage applied to the electrode 340a when
PWa=0. The pulse widths PWa, PWb, PWc¢, and PWd of the

driving voltages are given by, e.g.,

PWa=PWo+PWx (7)

PWb=PWo+PWy (8)

PWe=PWo-PWx (9)

PWd=PWo-PWy (10)

where PWo 1s a bias pulse width having a fixed value. The
bias pulse width PWo has an effect of improving the linearity
between the pulse width of the driving voltage and the tilt
angle of the mirror 230. PWX 1s an operation variable corre-
sponding to a tilt angle 0x of the mirror 230 about a pivot axis
X 1n a one-to-one correspondence. PWy 1s an operation vari-
able corresponding to a tilt angle Oy of the mirror 230 about
the pivot axis y 1n a one-to-one correspondence. The mirror
230 can be made to pivot 1n an arbitrary direction by control-
ling the operation variables PWx and PWy.

However, as described with reference to FIG. 9, when the
duty ratio of the driving voltage 1s controlled, the linearity
between the pulse width of the driving voltage and the tilt
angle of the mirror 230 1s high. Hence, the pulse width of the
driving voltage may be controlled only for an electrode 1n the
direction 1n which the mirror 230 approaches the electrode for
cach axis. In this case, the pulse widths PWa, PWb, PWc, and
PWd of the drniving voltages are given by

PWa=PWx(PWx>0) (11)

PWa=0(PWx=0) (12)

PWb=PWy(PWy>0) (13)

PWb=0(PWy=0) (14)

PWe=PWx(PWx<0) (15)

PWe=0(PWx=0) (16)

PWd=PWy(PWy<0) (17)

PWd=0(PWy=0) (18)

As described above, 1n this embodiment, the ratio of the
sum of the time widths 1n the first and second sections to the
time width 1n the third section 1s changed 1n accordance with
the t1lt angle of the mirror 230. When actually controlling the
mirror 230, the driving voltage applying unit 501 performs
the following processing. The driving voltage applying unit
501 acquires the values of the pulse widths and amplitudes
(the amplitude 1s constant 1n this embodiment) of driving
voltages corresponding to the desired tilt angle of the mirror
230 from the table 502 and applies the driving voltages having
the acquired pulse widths and amplitudes to the electrodes
340a to 3404.

In the third and fourth embodiments, each of the AC volt-
ages to be applied to the electrodes 340a to 3404 1s preferably
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a rectangular wave because 1t can increase the force for driv-
ing the mirror 230. However, a sine wave or a triangular wave
except a rectangular wave 1s also usable.

As described above, the mirror 230 1s driven by an electro-
static attraction which 1s proportional to the square of a driv-
ing voltage. For this reason, if an AC voltage having a rect-
angular wavelorm 1s used as a driving voltage, the same
driving as that using a DC voltage is 1deally performed.

However, the actual driving voltage has a trapezoidal shape
as shown 1 FIG. 11A because of the limitation of the slew
rate of a voltage amplifier used in the driving voltage applying
unit 501. Regarding the force for driving the mirror 230, this
1s equivalent to a driving voltage having a wavetorm as shown
in FI1G. 11B. Hence, when an AC voltage having a rectangular
wavelorm 1s used as a driving voltage, points at which the
force 1s zero (points where the voltage decreases to zero 1n
FIG. 11B) are generated at a period twice the AC voltage 1n
the electrostatic attraction for driving the mirror 230. I1 the
mirror 230 responds to the periodical decrease 1n the electro-
static attraction, the mirror 230 vibrates.

To prevent the vibration of the mirror 230, the frequency of
the AC voltage to be applied to each of the electrodes 340a to
3404 as a driving voltage 1s made higher than the resonance
frequency of the mirror 230.

FIG. 12 shows an actual measurement example represent-
ing the relationship between the power of output light and the
frequency of the driving voltage of the mirror control device
when the paths between the input and output ports are con-
nected 1n an optical switch using the mirror control device
according to the third or fourth embodiment. Referring to
FIG. 12, 13 represents the lower limit value of the usable
frequency of the driving voltage of the mirror control device.

In the optical switch, a mirror array including a plurality of
mirror control devices two-dimensionally arrayed 1s provided
between the input ports and the output ports, and the tilt angle
of the mirror 230 of each mirror control device 1s appropri-
ately controlled. This makes it possible to cause each mirror
230 to retlect light output from an mmput port and input the
light to an arbitrary output port. It 1s therefore possible to
connect arbitrary input and output ports.

In the example shown 1n FIG. 12, the mirror 230 has two
resonance Ifrequencies. 1.e., 11 near 200 Hz and 12 near 550
Hz. The mirror 230 has two resonance frequencies because 1t
has a resonance point for each of the p1vot about the p1vot axis
x and the p1vot about the pivot axis y. As described above, the
mirror 230 vibrates near the resonance frequencies 11 and 12
in accordance with the driving voltage. Since this makes 1t
difficult to mnput light reflected by the mirror 230 to an output
port, the power of the output light that enters the output port
largely decreases. When the frequency of the driving voltage
1s set to, e.g., a value (about 1 kHz in the example 1n FIG. 12)
twice or more of the highest resonance frequency 12 of the
mirror 230, the mirror 230 does not respond to the periodical
decrease 1n the electrostatic attraction and hardly vibrates. It
1s therefore possible to prevent the decrease 1n the power of
output light caused by the vibration of the mirror 230. In the
third and fourth embodiments, the time width of each of the
first, second, and third sections 1s set to be shorter than the
reciprocal of the resonance frequency of the tilting motion of
the mirror 230.

In the third and fourth embodiments, an example has been
described 1n which the driving voltages are applied to the
clectrodes 3405 and 340d. The electrodes to which the driving
voltages should be applied are determined depending on the
pivot direction of the mirror 230. Hence, the manner the
driving voltages are applied 1s not limited the examples

shown 1n FIGS. 7A, 7B, 8A, and 8B.
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Both the amplitude and duty ratio of a driving voltage may
be changed 1n accordance with the desired tilt angle of the
mirror 230 by combining the third and fourth embodiments.

Fitth Embodiment

The fifth embodiment of the present invention will be
described next. A mirror control device of the fifth embodi-
ment has the same arrangement as that of the third embodi-
ment. The operation of the fifth embodiment will be described
using the reference numerals 1n FIGS. 1, 2, and 6. In the fourth
embodiment, the tilt angle of the mirror 230 1s adjusted by
adjusting the duty ratios of the driving voltages to be applied
to the electrodes 340qa to 3404.

FIG. 13 A 1s a timing chart showing an example of a driving,
voltage applied to one of the electrodes 340a to 3404 accord-
ing to the fourth embodiment. FIG. 13B 1s a timing chart
showing an electrostatic force generated between the mirror
230 and the electrode to which the driving voltage 1n FIG.
13 A 15 applied. As described 1n the third and fourth embodi-
ments, a ground potential 1s applied to the mirror 230.

A section where the potential difference between the mir-
ror 230 and the electrode to which the driving voltage 1s
applied 1s positive will be called a first section (a section
where a driving voltage +V1 1s applied in the example shown
in FIG. 13A). A section where the potential difference 1is
negative will be called a second section (a section where a
driving voltage —V1 1s applied 1n the example shown 1n FIG.
13A). A section where the potential difference 1s a potential
between the potential difference in the first section and that in
the second section will be called a third section (a section
where the driving voltage 1s O 1n the example shown 1n FIG.
13A).

In FIG. 13A, the dniving voltage applied to the electrode
has a waveform which periodically repeats three voltage val-
ues +V1, 0, and -V1. The electrostatic force generated
between the electrode and the mirror 230 1s proportional to
the square of the driving voltage. For this reason, in the first
and second sections where the driving voltage +V1 or -V1 1s
applied, the electrostatic force increased by floating charges
upon applying one of the driving voltage +V1 or —V1 and the
clectrostatic force decreased by floating charges upon apply-
ing the other dniving voltage can be regarded as almost equal.
Hence, 1n the first and second sections, 1t 1s possible to elimi-
nate the influence of floating charges 1n, e.g., an mnsulating
layer 311.

However, when the drniving voltage 1s 0, no charges to
cancel exist. For this reason, the driving voltage varies from
the value shown 1n FIG. 13 A to the value shown in FIG. 14A.
Referring to FI1G. 14 A, 6V 1s a voltage obtained by converting
the electrostatic force by floating charges ito an increase
amount of the driving voltage. As a result, the electrostatic
force generated between the electrode and the mirror 230
change to that shown m FIG. 14B. In FIG. 14B, a hatched
portion 130 indicates a portion where the influence of floating,
charges 1s removed. A hatched portion 131 indicates a portion
where the influence of floating charges remains. That 1s, in the
fourth embodiment, drift of the mirror 230 may occur
although 1t 1s smaller than 1n an arrangement that applies DC
voltages to the electrodes 340a to 340d. The reason of drift 1s
supposed to be the existence of the time when the driving
voltage 1s O.

A driving voltage applying unit 301 of the fifth embodi-
ment generates an AC voltage as shown 1n FIG. 15 for each of
clectrodes 340a to 3404 1n accordance with the desired tilt
angle of the mirror 230 and applies the voltage to each elec-
trode. FIG. 15 shows an example of a driving voltage applied
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to one of the electrodes 340a to 3404. More specifically, inthe
fifth embodiment, the third section shown in FIG. 13 A, where
the driving voltage 1s 0, 1s divided 1nto two sections, 1.e., a
section where the driving voltage 1s +V2 and a section where
the driving voltage 1s —V2.

Of the two divided sections, a section where the potential
difference between the mirror 230 and the electrode to which
the driving voltage 1s applied is positive and smaller than the
potential difference 1n the first section will be called a fourth
section (a section where the driving voltage +V2 1s applied in
the example shown in FIG. 15). A section where the potential
difference 1s negative and smaller than the potential differ-
ence 1n the second section will be called a fifth section (a
section where the drniving voltage -V2 1s applied in the
example shown 1n FIG. 15).

The tilt angle of the mirror 230 can be controlled by chang-
ing the time ratio of the first section where +V1 1s applied and
the fourth section where +V2 1s applied. On the negative
voltage side as well, the tilt angle of the mirror 230 can be
controlled by changing the time ratio of the second section
where —V1 1s applied and the {ifth section where —V2 1s
applied.

As described above, 1n this embodiment, the section where
the driving voltage 1s 0 1s divided into the sections of positive
and negative driving voltages, thereby eliminating the intlu-
ence of floating charges. This allows to further suppress driit
of the mirror 230, as compared to the fourth embodiment.

The driving voltages +V1, -V1, +V2, and —V2 need only
satisty [V11>[V2|. However, 11 IV1| and |V2] take close volt-
age values, the change in the electrostatic force caused by
changing the time ratio of the two driving voltages 1s small,
resulting 1n difficulty 1n t1lt angle control of the mirror 230.
The driving voltages +V2 and —V2 aim at suppressing the
influence of floating charges and need only have a voltage
value corresponding to the floating charges or more.

The four driving voltage values can be applied 1n any order.

For example, they can be applied 1n either an order of +V1,
+V2, -V1,and -V2, as shown in FIG. 16, or an order of +V1,

-V1, +V2, and -V2.

In this embodiment, the absolute value of the potential
difference in the first section 1s |V1| which 1s equal to that in
the second section. The absolute value of the potential ditter-
ence 1n the fourth section 1s |V2| which 1s equal to that 1n the
fifth section. Although the absolute value of the potential
difference in the first section 1s preferably equal to that 1n the
second section, they need not always match. Similarly,
although the absolute value of the potential difference 1n the
fourth section 1s preferably equal to that in the fifth section,
they need not always match. Even when they do not match,
the same eflect as described above can be obtained.

A method of controlling the tilt angle of the mirror 230
according to this embodiment will be described next. To
control the tilt angle of the mirror 230 using four driving
voltage values, as 1n this embodiment, for example, letting
PRa be the time ratio of the section where the driving voltage
+V1 or —V1 1s applied to the electrode 340q and the section
where the driving voltage +V2 or —V2 1s applied, the time
ratio PRa 1s set to range from O to 1.

FIG. 17A 1s a timing chart showing a driving voltage
applied to the electrode 340 when PRa=1. FIG. 17B 1s a
timing chart showing a driving voltage applied to the elec-
trode 340a when PRa=0.5. FIG. 17C 1s a timing chart show-
ing a driving voltage applied to the electrode 340a when
PRa=0. As shown in FIG. 17C, when PRa=0, the driving
voltage 1s only +V2 or —V2. When PRa=0.5, the time width of
the section where the driving voltage +V1 or —V1 1s applied 1s
equal to the time width of the section where the driving
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voltage +V2 or -V2 1s applied. When PRa=1, the driving
voltage 1s only +V1 or —V1. The same control method as that
described 1n the fourth embodiment based on PWa 1s usable.

When actually controlling the mirror 230, the driving volt-
age applying unit 501 performs the following processing. The
driving voltage applying unit 301 acquires the values of the
amplitudes and time widths of driving voltages correspond-
ing to the desired tilt angle of the mirror 230 from a table 502

and applies the driving voltages having the acquired ampli-
tudes and time widths to the electrodes 340a to 340d.

Sixth Embodiment

The sixth embodiment of the present mvention will be
described next. The four driving voltage values described 1n
the fifth embodiment can be obtained using switching ele-
ments. To reduce the number of elements, a voltage 1s applied
to a mirror 230. A mirror control device of the sixth embodi-
ment has the same arrangement as that of the third embodi-
ment. The operation of the sixth embodiment will be
described using the reference numerals 1n FIGS. 1, 2, and 6.

A mirror voltage applying unit 500 of this embodiment
applies a rectangular voltage having an amplitude V2 as
shown 1n FIG. 18A to the mirror 230 via a frame portion 210,
torsion springs 211a and 2115, gimbal 220, and torsion
springs 221a and 2215b.

A driving voltage applying unit 501 applies driving volt-
ages which have the same frequency as that of the rectangular
wave applied to the mirror 230 and an inverted phase. FIG.
18B 1s a timing chart showing an example of a driving voltage
applied to one of electrodes 340a to 340d according to this
embodiment. The amplitude of the driving voltage 1s (V1-
V2). As aresult, an eflective potential difference as shown in
FIG. 18C 1s generated between the mirror 230 and the elec-
trode to which the driving voltage 1s applied. The potential
difference 1s equivalent to that generated when the mirror 230
1s grounded, and the driving voltage shown in FIG. 150r 16 1s
applied to an electrode.

In this embodiment, the tilt angle of the mirror 230 can be
changed by controlling the time width of the driving voltage
+(V1-V2) and the time width of the driving voltage —(V1-
V2) applied to the electrode.

In this embodiment, the same effect as 1n the fifth embodi-
ment can be obtained in this way. The rectangular voltage
applied to the mirror 230 has the same voltage value 1n the
first section (a section where the potential difference1s +V11n
the example shown in FIG. 18C) and the fourth section (a
section where the potential difference 1s +V2 in the example
shown 1n FIG. 18C), and the same voltage value in the second
section (a section where the potential difference 1s —V1 1n the
example shown 1n FIG. 18C) and the fifth section (a section
where the potential difference 1s —V2 1n the example shown 1n
FIG. 18C). The driving voltage applied to the electrode 1s
+(V1-V2) 1n the first section, —(V1-V2) 1n the second sec-
tion, and 0 1n the fourth and fifth sections.

In this embodiment, the fixed rectangular wave need only
be applied to the mirror 230. For example, when one or more
mirrors 230 are arranged in an array and used, the same
rectangular wave 1s applied to all mirrors 230. This decreases
the number of switching elements.

Seventh Embodiment

The seventh embodiment of the present invention will be
described next. A mirror control device of the seventh
embodiment has the same arrangement as that of the third
embodiment. The operation of the seventh embodiment will
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be described using the reference numerals in FIGS. 1, 2, and
6. In this embodiment, drift of a mirror 230 1s suppressed by

adjusting the time ratio of positive and negative driving volt-
ages.

To make the mirror 230 pivot to a desired tilt angle, the time
ratio ol positive and negative driving voltages to be applied to
the electrodes 1s set to 1:1, as shown 1n FIG. 19A. However,
when the driving voltage applying state shown i FIG. 19A
continues for a while, charges may be accumulated 1n the
stray capacitance (e.g., insulating layer 311) between elec-
trodes 340a to 3404 and the mirror 230 because of the char-
acteristic difference between the positive and negative volt-
ages.

To prevent this, a driving voltage applying unit 501 of this
embodiment changes the time ratio of the positive and nega-
tive driving voltages, as shown i FIG. 19B. In the example
shown 1n FIG. 19B, the applying time of the positive driving
voltage 1s shortened, and the applying time of the negative
driving voltage 1s prolonged. At this time, the sum of the
applying time of the positive driving voltage and that of the
negative driving voltage preferably remains unchanged
before and after the change 1n the time ratio. This 1s because
a change in the applying time of the driving voltage means a
change 1n the electrostatic force generated between the elec-
trode and the mirror 230, 1.e., a change 1n the tilt angle of the
mirror 230.

When the time ratio of the positive and negative driving
voltages 1s changed from 1:1, floating charges of the polarity
of the voltage applied for a longer time readily gather. In this
embodiment, the time ratio of the positive and negative driv-
ing voltages 1s approprately changed by making the applying
time of the positive driving voltage shorter or longer than the
applying time of the negative driving voltage. This prevents
tfloating charges of any polarity from gathering and also sup-
presses drift of the mirror 230.

Note that the method of changing the time ratio of the
positive and negative driving voltages 1s applicable to the
third embodiment which controls the tilt angle of the mirror
230 based on the amplitude of a driving voltage, the fourth
embodiment which controls the tilt angle of the mirror 230
based on the duty ratio of a driving voltage, or the fifth
embodiment using four driving voltage values. In the third,
fourth, and fifth embodiments, the time ratio of the first sec-
tion and the second section 1s adjusted by prolonging the first
section and shortening the second section, or by shortening
the first section and prolonging the second section. Addition-
ally, in the fifth embodiment, the time ratio of the fourth
section and the fifth section i1s adjusted by prolonging the
fourth section and shorteming the fifth section, or by shorten-
ing the fourth section and prolonging the fifth section.

The third to seventh embodiments may be combined as
needed.

Eighth Embodiment

The eighth embodiment of the present invention will be
described next. A mirror control device of the seventh
embodiment has the same mechanical arrangement as that of
the first embodiment and will be described using the refer-
ence numerals 1in FIGS. 1 and 2.

The large difference between the mirror control device of
this embodiment and that of the related art 1s as follows. In the
conventional mirror control device, the mirror 230 1s
grounded. In this embodiment, however, a nonzero voltage 1s
applied to a mirror 230. The voltage applied to the mirror 230
1s a voltage (bias voltage) independent of the tilt angle of the
mirror 230. The difference between the mirror control device
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of this embodiment and that of the related art will be
described below 1n more detail.

FI1G. 20 15 a block diagram showing the electrical connec-
tion relationship of the mirror control device according to this
embodiment. In this embodiment, a bias voltage applying
unit 600 applies a bias voltage to the mirror 230. A driving,
voltage applying unit 601 applies a driving voltage to at least
one of electrodes 340a to 340d. The driving voltage applying
unit 601 ncorporates a table 602 1n which the relationship
between the tilt angle of the mirror 230 and the driving volt-
age value 1s set 1n advance. The driving voltage applying unit
601 acquires driving voltage values corresponding to the
desired tilt angle of the mirror 230 from the table 602 and
applies the driving voltages to the electrodes 340a to 340d.
The bias voltage 1s applied to the mirror 230 via a frame
portion 210, torsion springs 211a and 2115, gimbal 220, and
torsion springs 221a and 221b. The driving voltages are
applied to the electrodes 340a to 3404 via leads 341a to 3414,
respectively.

Assume that a bias voltage —Vm 1s applied to the mirror
230, a driving voltage —Vx 1s applied to the electrode 3405,
and a driving voltage +VX 1s applied to the electrode 3404.
This makes the mirror 230 pivot toward the electrode 3404, as
shown 1n FIG. 21. Voltage application at this time 1s the same
as 1 applying a voltage of 0 V to the mirror 230, a dniving
voltage (Vm—-VX) to the electrode 3405, and a driving voltage
(Vm+VXx) to the electrode 3404 1n the conventional mirror
control device. As for the voltage values, the conventional
mirror control device requires a voltage (Vm+Vx) at maxi-
mum. In this embodiment, one of Vm and Vx 1s the maximum
voltage, and 1t 1s therefore possible to lower the driving volt-
age as compared to the conventional mirror control device.

As described above, 1n this embodiment, since the driving
voltage can be lowered, a power supply for outputting a lower
voltage 1s usable for the bias voltage applying unit 600 and the
driving voltage applying unit 601.

When anonzero bias voltage 1s applied to the mirror 230, as
in this embodiment, a driving voltage of a polarity opposite to
the bias voltage 1s preferably applied to at least one of the
clectrodes 340a to 3404. The reason i1s as follows. When a
driving voltage of a polarity opposite to the bias voltage 1s
applied to at least one of the electrodes 340a to 3404, the
potential differences between the electrodes 340a to 3404 can
be made larger than 1n an arrangement that applies driving,
voltages of the same polarity as the bias voltage to the elec-
trodes 340a to 3404, and the force for driving the mirror 230
can be increased.

Due to the same reason as described above, when driving,
voltages are applied to a pair of electrodes (electrodes 3405
and 3404 1n the example of this embodiment) concerned 1n
the driving of the mirror 230, a driving voltage of the same
polarity as the bias voltage 1s applied to one of the pair of
clectrodes, and a driving voltage of a polarity opposite to the
bias voltage 1s applied to the other electrode. The mirror 230
pvots toward the electrode to which the driving voltage of a
polarity opposite to the bias voltage 1s applied. The driving
force at this time can be increased.

Ninth Embodiment

The nminth embodiment of the present invention will be
described next. FIG. 22 1s an exploded perspective view
showing the arrangement of a mirror control device according
to the ninth embodiment of the present mvention. In the
cighth embodiment, the gimbal pivot axis x and the mirror
p1vot axis y cross the parting lines of the electrodes 340a to
3404 at 45°. In a mirror control device 100a of the ninth
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embodiment, however, a gimbal p1vot axis X passing through
torsion springs 211c¢ and 2114 and a mirror pivot axis y

passing through torsion springs 221¢ and 221d are parallel to
the parting lines of electrodes 340a to 3404

The mirror control device of this embodiment has the same
clectrical connection relationship as 1 FIG. 20. A bias volt-
age applying unit 600 applies a bias voltage —Vm to a mirror
230. Let VX be the driving voltage necessary for making the
mirror 230 pivot about the gimbal pivot axis X, and Vy be the
driving voltage necessary for making the mirror 230 pivot
about the mirror pivot axis v (VX and Vy have arbitrary
values). A driving voltage applying umt 601 applies a driving
voltage (Vx+Vy) to the electrode 340a, a driving voltage
(VX-Vy) to the electrode 3405, a driving voltage (-Vx-Vy)
to the electrode 340c¢, and a driving voltage (-Vx+Vy) to the
clectrode 340d. This makes the mirror 230 p1vot 1in a direction
corresponding to the potential differences between the elec-
trodes 340qa to 340d.

Voltage application at this time 1s the same as 1n applying a
voltage o1 0V to the mirror 230, a driving voltage (Vm+Vx+
Vy) to the electrode 3405, a driving voltage (Vm+Vx-Vy) to
the electrode 3406, a driving voltage (Vm-Vx-Vy) to the
clectrode 340c¢, and a driving voltage (Vm-Vx+Vy) to the
clectrode 3404 1n the conventional mirror control device. The
conventional mirror control device requires a voltage (Vm+
Vx+Vy) at maximum. In this embodiment, a larger one of Vm
and (Vx+Vy) 1s the maximum voltage, and 1t 1s therefore
possible to lower the driving voltage as compared to the
conventional mirror control device. In this embodiment, the
same effect as 1 the eighth embodiment can be obtained 1n
this way.

10th Embodiment

In the eighth and ninth embodiments, the bias voltage and
the driving voltages are DC voltages. They may be periodical
voltages (AC voltages). For example, 1n the eighth embodi-
ment, a periodical bias voltage as shown 1 FIG. 23A 1s
applied to the mirror 230. A periodical driving voltage as
shown 1 FIG. 23B, which 1s in synchronism with the bias
voltage, 1s applied to the electrode 340b. A periodical driving
voltage as shown 1n FIG. 23C, which 1s 1n synchronism with
the bias voltage, 1s applied to the electrode 3404d. This makes
the mirror 230 pivot toward the electrode 340b.

At this time, the bias voltage and the driving voltages are
preferably AC voltages whose DC component 1s O. If the DC
component of the bias voltage and the driving voltages 1s not
0, the mirror 230 may vibrate in accordance with the frequen-
cies of the bias voltage and the driving voltages. This 1s
particularly conspicuous when the frequency of a driving
voltage 1s lower than the mirror resonance frequency. How-
ever, when the DC component of the driving voltage 1s 0,
vibration of the mirror 230 can be reduced. A rectangular
voltage whose DC component 1s O can suppress vibration of
the mirror 230 at any frequency regardless of the mirror
resonance frequency in principle. In the 10th embodiment,
when a bias voltage and driving voltages whose DC compo-
nent 1s 0 are used, the influence of charges accumulated in the
stray capacitance such as an insulating layer between the
clectrodes and the mirror 230 can be almost eliminated. It 1s
therefore possible to suppress drift of the mirror 230 caused
by charges accumulated in the stray capacitance.

As 1n the eighth embodiment, when driving voltages are
applied to a pair of electrodes concerned 1n the driving of the
mirror 230, a driving voltage having the same polarity as the
bias voltage and being 1n synchronism with it is applied to one
of the pair of electrodes, and a driving voltage having a
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polarity opposite to the bias voltage and being 1n synchronism
with 1t 1s applied to the other electrode. This increases the
force for driving the mirror 230, as in the eighth embodiment.
In the examples shown 1n FIGS. 23A to 23C, a driving voltage
of a polarity opposite to the bias voltage 1s applied to the
clectrode 3405, and a driving voltage of the same polarity as
the bias voltage 1s applied to the electrode 3404

The AC voltages applied to the mirror 230 and the elec-
trodes 3404 to 3404 are preferably rectangular waves because
they can increase the driving force. However, any wave such
as a sine wave other than the rectangular wave 1s also usable.

INDUSTRIAL APPLICABILITY

The present mvention i1s applicable to a mirror control
device, and a mirror array including a plurality of mirror
control devices two-dimensionally arrayed.

The mvention claimed 1s:

1. A mirror control device characterized by comprising:

a mirror which 1s pivotally supported;

a plurality of electrodes which are spaced apart from said

miIrror:

driving voltage generation means for generating a driving,

voltage corresponding to a desired tilt angle of said
mirror for each electrode;
bias voltage generation means for generating, as a bias
voltage for each electrode, a voltage which causes the tilt
angle of said mirror to have a predetermined value upon
being independently applied to each electrode; and

clectrode voltage applying means for adding, for each elec-
trode, the bias voltage to the driving voltage and apply-
ing the voltage after addition to a corresponding one of
said electrodes.

2. A mirror control device according to claim 1, character-
ized 1n that, when adding the bias voltage to the driving
voltage, said electrode voltage applying means multiplies the
driving voltage before addition by a coellicient which
changes between the said electrodes.

3. A mirror control device according to claim 2, character-
1zed 1n that the coelficient 1s set 1n advance for each electrode
based on a t1lt, between two arbitrary points, of a voltage vs.
t1lt angle characteristic of said mirror for each electrode.

4. A mirror control device according to claim 1, character-
1zed 1n that at least one of the bias voltages of said electrodes
1s different from the remaining bias voltages.

5. A mirror control device according to claim 1, character-
1zed 1n that the bias voltages of said electrodes are difierent.

6. A mirror control device according to claim 1, character-
1zed 1n that

said mirror pivots about two axes perpendicular to each

other, and

the bias voltage changes between two electrodes which are

arranged symmetrically with respect to a plane includ-
ing one pivot axis and perpendicular to a mirror surface
at a zero tilt angle and two electrodes which are arranged
symmetrically with respect to a plane including the other
pivot axis and perpendicular to the mirror surface.

7. A mirror control device characterized by comprising:

a mirror which 1s pivotally supported;

a plurality of electrodes which are spaced apart from said

mirror; and

driving voltage applying means for generating an AC volt-

age as a driving voltage 1n accordance with a desired tilt
angle of said mirror and applying the driving voltage to
cach electrode so as to generate at least a first section
where a potential difference between said mirror and
said electrode to which the driving voltage 1s applied 1s
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positive and a second section where the potential differ-
ence between said mirror and said electrode to which the
driving voltage 1s applied 1s negative.

8. A mirror control device according to claim 7, character-
1zed 1n that said driving voltage applying means generates the
driving voltage so as to make an average DC component of the
potential difference substantially zero for each electrode.

9. A mirror control device according to claim 7, character-
1zed 1n that said driving voltage applying means generates, as
the driving voltage, an AC voltage having an amplitude cor-
responding to the desired tilt angle of said mirror.

10. A mirror control device according to claim 7, charac-
terized 1n that said driving voltage applying means generates
the driving voltage so as to further generate, in addition to the
first section and the second section, a third section where the
potential difference 1s a potential between the potential dif-
terence 1n the first section and the potential difference 1n the
second section, and changes a ratio of a sum of a time width
ol the first section and a time width of the second section to a
time width of the third section 1n accordance with the desired
t1lt angle of said mirror.

11. A mirror control device according to claim 10, charac-
terized 1n that said driving voltage applying means generates
the driving voltage so as to make an absolute value of the
potential difference 1n the first section equal to an absolute
value of the potential difference 1n the second section.

12. A mirror control device according to claim 7, charac-
terized 1n that the driving voltage 1s a rectangular voltage.

13. A mirror control device according to claim 7, charac-
terized 1n that the driving voltage 1s a sinusoidal voltage.

14. A mirror control device according to claim 10, charac-
terized 1n that said driving voltage applying means generates
the driving voltage so as to make the third section include a
fourth section where the potential difference 1s positive and
smaller than the potential difference 1n the first section and a
fifth section where the potential difference 1s negative and
smaller than the potential difference 1n the second section.

15. A mirror control device according to claim 14, charac-
terized 1n that said driving voltage applying means generates
the driving voltage so as to make the absolute value of the
potential difference in the first section equal to the absolute
value of the potential difference in the second section and
make an absolute value of the potential difference in the

fourth section equal to an absolute value of the potential
difference in the fifth section.

16. A mirror control device according to claim 7, charac-
terized 1n that said driving voltage applying means changes a
time ratio of the first section and the second section to prolong
the first section and shorten the second section, or shorten the
first section and prolong the second section.

17. A mirror control device according to claim 14, charac-
terized 1n that said driving voltage applying means changes a
time ratio of the fourth section and the fifth section to prolong
the fourth section and shorten the fifth section, or shorten the
fourth section and prolong the fifth section.

18. A mirror control device according to claim 7, charac-
terized 1n that a time width of each section 1s shorter than a
reciprocal of a resonance frequency of a tilting motion of said
MIrror.

19. A mirror control device according to claim 9, charac-
terized 1n that said driving voltage applying means changes
the amplitude of the driving voltage to a first electrode and the
amplitude of the driving voltage to a second electrode differ-
entially to both sides of a fixed value 1n accordance with the
t1lt angle, the first electrode generating a force in a positive
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direction of the tilt angle of said mirror, and the second
clectrode generating a force 1n a negative direction of the tilt
angle.

20. A mirror control device according to claim 10, charac-
terized in that said driving voltage applying means changes
the ratio of the driving voltage to a first electrode and the ratio
of the driving voltage to a second electrode differentially to
both sides of a fixed value 1n accordance with the tilt angle, the
first electrode generating a force 1n a positive direction of the
t1lt angle of said mirror, and the second electrode generating,
a force 1n a negative direction of the tilt angle.

21. A mirror control device according to claim 14, charac-
terized by further comprising mirror voltage applying means
tor applying voltages having the same value to said mirror 1n
the first section and the fourth section and applying voltages

having the same value and a polarity opposite to that in the
first section and the fourth section to said mirror 1n the second
section and the fifth section,
wherein said driving voltage applying means generates a
driving voltage which 1s O 1n the fourth section and the
fifth section.
22. A mirror control device characterized by comprising:
a mirror which 1s pivotally supported;
a plurality of electrodes which are spaced apart from said
miIrror:;
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bias voltage applyving means for applying a nonzero bias

voltage to said mirror; and

driving voltage applying means for applying a driving volt-

age ol a polarity opposite to the bias voltage to at least
one of said plurality of electrodes.

23. A mirror control device according to claim 22, charac-
terized 1n that said driving voltage applying means applies a
driving voltage of the same polarity as the bias voltage to one
of electrodes which are arranged symmetrically with respect
to a plane 1including a pivot axis of said mirror and perpen-
dicular to a mirror surface at a zero tilt angle, and applies the
driving voltage of the polarity opposite to the bias voltage to
the other electrode.

24. A mirror control device according to claim 22, charac-
terized 1n that each of the bias voltage and the driving voltage
1s a DC voltage.

25. A mirror control device according to claim 22, charac-
terized 1n that each of the bias voltage and the driving voltage
1s an AC voltage.

26. A mirror control device according to claim 23, charac-
terized 1n that a DC component of the AC voltage 1s O.

277. A mirror control device according to claim 23, charac-
terized 1n that each of the bias voltage and the driving voltage
1s a rectangular voltage.
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